We report a stereolithographic three-dimensional printing approach for polymeric components that uses a mobile liquid interface (a fluorinated oil) to reduce the adhesive forces between the interface and the printed object, thereby allowing for a continuous and rapid print process, regardless of polymeric precursor. The bed area is not size-restricted by thermal limitations because the flowing oil enables direct cooling across the entire print area. Continuous vertical print rates exceeding 430 millimeters per hour with a volumetric throughput of 100 liters per hour have been demonstrated, and proof-of-concept structures made from hard plastics, ceramic precursors, and elastomers have been printed.
A dditive manufacturing has been a disruptive force (1) (2) (3) (4) (5) (6) (7) . Traditionally, it has been used for prototyping, substantially reducing the time from product ideation to manufacturing, but it has recently begun to make notable progress in the manufacturing sector (8, 9) . One promising approach for the printing of plastic objects is stereolithography (SLA), which uses photocurable liquid resins that can be chemically formulated to yield materials with a large range of attractive mechanical properties (10, 11) . Conventional SLA operates by using ultraviolet (UV) light to cure liquid photoactive resins on a vertically moving plate; the result is a desired three-dimensional (3D) object consisting of stacked 2D layers (12) . DeSimone and co-workers introduced a variation of SLA called continuous liquid interface printing, which uses oxygen inhibition to create a reaction "dead layer" (13, 14) . This dead layer prevents adhesion between the emerging part and the bottom of the print vat, obviating the need to repeatedly mechanically cleave the part from the vat (12) . This continuous print approach increases vertical print speeds by two orders of magnitude while simultaneously removing material defects intrinsic to the aforementioned layer-by-layer lamination approaches. However, the polymerization reactions used in SLA photoresins are highly exothermic, and at such print speeds, the challenge of heat dissipation is daunting (15, 16) . Moreover, the delivery of gaseous oxygen, a thermal insulator, through the print bed to create a dead layer limits one to peripheral cooling options that cannot rapidly dissipate the heat being generated.
We report a dead layer-free approach to rapid SLA printing, HARP (high-area rapid printing), which is capable of continuously printing over large areas and at rapid vertical print speeds. The printer operates on the principle of a UV-curable resin floating on a bed of flowing immiscible fluorinated oil to minimize interfacial adhesion at the build region. Aizenberg and co-workers have demonstrated the great breadth of dewetting behavior possible when using fluorinated liquids embedded within solid matrices for applications in medicine and marine biofouling (17, 18) . HARP builds on this concept by keeping the fluorinated phase in constant motion relative to the emerging printed part, further decreasing the adhesion forces (i.e., static versus dynamic) and generating a solid-liquid slip boundary. The oil can be recirculated through a heat exchanger to cool or heat the build region and maintain thermostatic control across the entire print bed. Additionally, the oil can be continuously filtered to remove the microparticulate solids that are generated during the SLA print process and decrease resolution through light scattering (commonly referred to as "clouding") (19) . Finally, because HARP does not require an oxygen dead layer, it is compatible with both oxygen-sensitive and -insensitive ink chemistries, increasing the scope of applicable resins and resulting materials.
HARP operates through a mobile liquid interface that creates a shear stress beneath the emerging part and results in a slip boundary (Fig. 1 ). The slip boundary allows for the solidified part to be continuously retracted from the print interface. Fluorinated oils (perfluoropolyether copolymers, such as Solvay Fomblin Y or Chemours Krytox GPL) were chosen for their omniphobic properties and higher densities relative to that of common SLA resins. Although we explored other immiscible liquid systems, including densified water and glycerin, neither of these aqueous options produced the same quality of dewetting behavior with the emerging 3D printed part; both resulted in lowerquality print production (see fig. S7 ). A pair of inlet and outlet manifolds were fabricated to distribute a laminar flow of oil across the print bed with a uniform velocity profile ( fig. S1 ). This flow profile ensures that the oil layer remains optically uniform across the build platform (i.e., no turbulence giving rise to optical distortions at the oil/resin interface) and results in a uniform interfacial-shear stress being applied to all solidified parts.
To confirm our hypothesis of a slip boundary being central to the HARP printer's operation, we used particle imaging velocimetry to analyze the cross-sectional fluid flow profile as *These authors contributed equally to this work. †Corresponding author. Email: chadnano@northwestern.edu 
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the oil passed beneath a printed part (20) . Slip boundary conditions are notoriously difficult to observe because of the randomized optical reflections that occur at the interfaces under study, resulting in noisy data (21, 22) . To rectify this problem, we fit an analytical model, allowing for the possibility of either a slip or non-slip boundary condition, to the center of the flow profile (i.e., where high-quality data can be collected). The model allowed for a classical Navier slip boundary to arise when the interfacial shear stress exceeded a given critical shear stress (23) . From this analysis, the slip boundary model best captured the dynamics of the experimental data ( Fig. 1B and fig. S3 ) (24) . This is best reflected in the experimental velocity profiles [v x (y); circles in Fig. 1B ] as a function of the oil flow rate (increasing volumetric flux, from red to violet) and the corresponding Navier slip model fits (solid lines in Fig. 1B ).
In the absence of heat removal, rapid vertical print speeds of even modestly sized parts quickly exceed the smoke point of the resin. These extreme temperature swings (DT ≈ >120°C) result in variable reactivities across the print bed, thermal warping/cracking of the printed material, and uncontrolled clouding that limits lateral resolution; ultimately these factors result in a deformed object and failed print ( fig. S6 ) (24) . To quantify the ability of HARP to dissipate heat, we performed thermal imaging of a small test print (5 cm × 5 cm cross-sectional dimensions) in a specially designed miniature print vat (i.e., low-profile walls to enable imaging across the bed). Three different flow scenarios were evaluated: (i) printing without a mobile interface or active cooling ( Fig. 2A) ; (ii) printing with a mobile interface to actively dissipate heat, but with no cooling of the oil (Fig. 2B) ; and (iii) printing with a mobile interface and active cooling of the oil (Fig. 2C ). Without flow to actively dissipate heat, the printed part quickly exceeded the sensor range of the infrared (IR) camera at 150°C, and exceeded the flashpoint of the resin's primary monomer diluent (1,6-hexanediol diacrylate, 113°C). Similar experiments involving the generation of parts having larger crosssectional areas (e.g., 20 cm × 20 cm) exceeded 180°C (as evidenced by an IR noncontact thermometer gun measurement) in the absence of an active flow to dissipate the accumulating heat. In the case presented here, the accumulation of heat ( Fig. 2A ) led to surface temperatures in excess of 150°C and the part cracked during the printing process, causing a physical displacement from the stage (observable in the final frame of Fig. 2A , indicated by white lines overlaid on the part; see also fig. S6 ). Alternatively, the flow of oil depicted in Fig. 2B dissipated this heat into an oil reservoir. Over time, the temperature of the reservoir increased, reducing its effectiveness. Last, in Fig. 2C the oil was actively cooled while flowing to help stabilize the reservoir temperature, as well as the surface temperature of the emerging part, at 100°to 120°C.
To further evaluate the scalability of HARP through cooling, we printed a 38 cm × 61 cm × 76 cm part in 1 hour and 45 min with volumetric throughput of 100 liters/hour ( fig.  S4 ). At this scale, the fidelity of the print was affected by the resin's contractility [i.e., the volumetric reduction undergone during the resin solidification process, common to all SLA resins and different for each resin formulation (25)], because even modest contractions of a few percent were amplified into observable bowing. In contrast, when smaller single parts were produced, this contractility became less evident and print fidelity increased (Fig. 3C ). Full use of the large-scale capabilities enabled by HARP will require the development of new SLA resins with lower volumetric contractility.
By not relying on oxygen quenching, HARP is capable of printing both oxygen-sensitive and oxygen-insensitive resin chemistries. To demonstrate this ability, we printed three different resins on the HARP 3D printer to generate three different classes of materials with varied properties: a hard polyurethane acrylate, an elastomeric butadiene rubber, and a silicon carbide ceramic (see Fig. 4 ). These resins are a mix of resins found in the literature (26, 27) , obtained from companies, and formulations developed for the HARP printer. As with all SLA systems, each resin must be optimized in terms of initiators and blockers to perform in conjunction with the light engine used and the desired vertical print rate. This was optimized by altering the photo-initiators used and tuning their concentrations to achieve a desired energy cure and penetration depth response for each resin (24) . The hard polyurethane resin printed optimally under a vertical print speed of 120 mm/s. The ceramic resin used thioleneclick chemistry, a chemistry known to be relatively oxygen-insensitive (28, 29) , to cross-link the polymeric resin and produce a "green" part. This polymeric silicone can be post-treated in a furnace at 1000°C to undergo pyrolysis to eliminate the organic components and produce a silicon carbide structure (26) . Finally, the butadiene rubber resin required a slower print speed (30 mm/s) owing to its lower reactivity and higher viscosity. Although the postprocessing and print conditions differed for each resin (Fig. 4) (24) , all the resins were compatible with the HARP approach. This makes HARP printing generally useful with stereolithographic resins currently available through literature or commercial formulations (26, 29) .
To determine whether the HARP continuous print process produces isotropic materials, we performed mechanical testing on dog-bone structures printed from an ABS (acrylonitrile butadiene styrene)-like urethane acrylate resin in multiple orientations. This was done using the protocols of ASTM standard D638 for Type I dog bones (30) . The results show that the HARP-printed material maintains isotropic mechanical properties comparable to a molded part (Fig. 3A) and that these properties are independent of print orientation, unlike other modes of noncontinuous printing ( fig. S8) (24) . The HARP parts exhibited mechanical properties comparable to those of injection-molded ABS plastic (Fig. 3A, gray line) . In addition, the HARP-printed structures could be made with high print fidelity (Fig. 3, B and C) , resolving features as small as 300 mm (the theoretical optical resolution is 100 mm and is a function of the light-patterning engine) and achieving a volumetric correlation of 93% on a test print.
HARP-printed parts have a surface ridging that depends on the minimal wall thickness of the object being printed; thinner part sections result in faster resin replenishment rates and consequently yield a smoother surface. Note that this surface roughness is different from the discrete lamination layers in parts produced by traditional SLA [both digital light processing (DLP) and laser-based approaches] and is independent of the vertical resolution of the slice patterns being sent to the lightpatterning engines (10 mm z-height). To further characterize this phenomenon, we printed an array of 80 Type IV dog-bone structures of various thicknesses (1 to 3 mm) and widths (1 to 6 mm) within the necks of the bones at a vertical print rate of 120 mm/s. We then characterized the surfaces via optical microscopy and profilometry to quantify the magnitude of the profiles and the arithmetic surface roughness for each geometry. The maximum roughness, from peak to valley, was determined to be within ±100 mm (i.e., ±1 optical pixel) for all samples (Fig. 3D and fig. S9 ) (24) , with substantially smoother surfaces for parts with a minimal dimension not exceeding 1.5 mm (within ±10 mm). The arithmetic surface roughness strongly correlated with the minimum part dimension (i.e., width or thickness; Fig. 3E) (n = 20, r crit = 0.444 for P = 0.05 representing a 95% confidence level). Additionally, we printed a series of dog-bone structures (80 dog bones, five unique geometries in replicate; 120 mm/s vertical print rate) similar to a Type IV dog bone in profile, but with various thicknesses ranging from 1 to 3 mm (a typical Type IV dog bone is 3.175 mm thick). Although differing geometries can give rise to slight variations in tensile properties, our hypothesis was that despite the varying dog-bone thickness affecting the surface roughness, the bulk material properties would be relatively invariant (Fig.  3F) . Indeed, the Pearson correlation coefficient between the surface roughness and maximum tensile stress is r = -0.34 (n = 25, r crit = 0.396 for P = 0.05 representing a 95% confidence level; Fig. 3F , inset), validating this hypothesis. Taken together, these advances in throughput, mobile interface design, and materials generality solve several problems associated with large-area, large-object 3D printing. Several challenges remain, including the development of high-speed optical systems capable of retaining high lateral resolution and delivering high optical densities through the interface. Additionally, stereolithographic systems, which operate at high vertical speeds, remain limited by the availability of low-viscosity and lowcontractility resins, which can be used to generate structures with industrially relevant properties. 
